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Introduction {#sec1}
============

The excited states of many semiconducting nanocrystals and polymers are characterized by excitons, electron--hole pairs bound by Coulomb interactions.^[@ref1]^ Excitons are hydrogen-atom-like quasi-particles, each carrying a quantum of electronic excitation energy. An exciton can return to the ground state by emitting a photon, producing photoluminescence (PL), or by falling into a "dark" state from which the energy is lost as heat. The ability to control the fate of excitons and their energy is crucial to imaging,^[@ref2],[@ref3]^ sensing,^[@ref4]^ photovoltaics,^[@ref5]^ lighting and displays,^[@ref6]^ and many other important electronic functions.

Over the last few decades, two major classes of approaches, quantum confinement and doping, have been developed to tailor the exciton properties within a nanocrystal. When a nanocrystal becomes smaller than the Bohr radius of excitons, the electronic wave function becomes confined, leading to the existence of discrete energy levels that are strongly dependent on the size of the nanocrystal.^[@ref7],[@ref8]^ This quantum confinement effect has motivated the development of many innovative synthetic approaches that control the size and shape of nanocrystals and consequently their electronic and optical properties.^[@ref9]^ The other approach is doping of inorganic semiconductor nanocrystals by the incorporation of atomic impurities as color centers into the crystal lattice. Examples include nitrogen vacancies in diamond^[@ref10]^ and metal-ion-doped nanocrystals.^[@ref11]^ In the case of single-walled carbon nanotubes (SWCNTs), the excitonic properties depend on both the diameter and chiral angle of each nanotube crystal, collectively known as the chirality, which can be denoted by a pair of integers (*n*,*m*).^[@ref12],[@ref13]^ The optical properties can also be modified by doping with oxygen^[@ref14]^ or incorporation of sp^3^ defects through diazonium chemistry.^[@ref15]^ Excitingly, these defects can induce unique near-infrared emission,^[@ref14]^ brighten dark excitons,^[@ref15],[@ref16]^ facilitate upconversion,^[@ref17]^ and stabilize trions at room temperature,^[@ref18]^ making them particularly interesting for emergent photonic applications. However, both reported methods for defect creation are inherently bound by the limited chemical and optical tunability. In particular, oxygen doping leads to mixed ether and epoxide structures,^[@ref14],[@ref19]^ while diazonium chemistry only works for specific aryl groups and monovalent bonding,^[@ref15]^ and the reaction rates for both are low.^[@ref14],[@ref15]^ For these reasons, examples of this type of defect are rare, and although it has long been suggested,^[@ref15]^ the prospect of using defects for materials engineering has not been demonstrated.

Here we describe a versatile new chemistry that enables direct tailoring of excitons within a single material through molecular engineering of covalently attached surface functional groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We illustrate this new approach to materials engineering through the synthesis of more than 30 new fluorescent nanostructures from SWCNTs of the same crystal structure by creating molecularly tunable fluorescent quantum defects in the sp^2^ carbon lattice. Each of the new synthetic nanostructures may be viewed as a diamond-in-graphene structure reminiscent of an island in an electron sea. More specifically, in the case of semiconducting nanotubes, these structures can be viewed as hybrid quantum systems that allow excitation energy (carried by the exciton) to be channeled along a one-dimensional (1D) antenna and then harvested using a zero-dimensional (0D) funnel. Compared with quantum confinement, which controls the optical and electronic gap by size engineering, these fluorescent defects create local potential wells on the sp^2^ lattice of SWCNTs that can be chemically tailored with molecular control as shown herein. To recognize their molecular nature and the fact that the local potential well is a result of defect-induced splitting of frontier orbitals, we propose to call these "fluorescent quantum defects". Furthermore, unlike atomic color-center dopants, our defect-inducing surface functional groups are themselves nonemitting and readily accessible chemically, thereby affording unprecedented molecular control and engineering flexibility.

![Fluorescent quantum defect approach to nanomaterial engineering. (a) In a quantum confinement system, the exciton wave function is confined as the particle size reaches the Bohr radius of the quasi-particle, lending the capability to control the optical properties by size engineering. (b) In the proposed quantum defect systems, the mobile excitons can be trapped and their optical properties can be controlled by molecular engineering of the trap. (c) Creation of a fluorescent quantum defect by the reaction of a SWCNT semiconductor with an iodide-containing precursor.](ja-2016-03618d_0002){#fig1}

These molecularly tunable fluorescent quantum defects are enabled by a versatile new chemistry that allows covalent attachment of iodine-containing hydrocarbon precursors to the sp^2^ carbon lattice through highly predictable C--C bonding. The reaction occurs in aqueous solution upon mixing of an alkyl halide with nanotubes in the presence of sodium dithionite, which acts as a mild reductant.^[@ref20]^ We note that sidewall alkylation can occur under extreme conditions, such as in the Billups--Birch reaction, in which solvated electrons in liquid ammonia are required.^[@ref21],[@ref22]^ However, the new chemistry described here is significantly more versatile because molecularly tunable fluorescent quantum defects can be created with highly predictable C--C bonding points from virtually any iodine-containing hydrocarbon precursor. Notably, this exciton-tailoring chemistry is not limited to the creation of monovalent alkyl defects. Both monovalent and divalent defects can be created by reacting SWCNTs with respective alkyl or aryl iodide or diiodide precursors, respectively. In contrast to alkyl iodides, which require activation by sodium dithionite, aryl iodides alone can react with SWCNTs by resonant excitation of the nanotubes with visible light. Furthermore, the aqueous medium allows for *in situ* probing of the evolution of sidewall alkylation and provides a level of control that was previously unattainable.^[@ref14],[@ref15]^

Materials and Methods {#sec2}
=====================

Aqueous Dispersions of Individual SWCNT Crystals {#sec2.1}
------------------------------------------------

SWCNTs (HiPco, batch no. 194.3, Rice University, or CoMoCAT SG65i, lot no. 000-0036, SouthWest NanoTechnologies, Inc.) were stabilized by 1 wt % sodium dodecyl sulfate (SDS, Sigma-Aldrich, ≥98.5%) in D~2~O (Cambridge Isotope Laboratories, Inc., 99.8%) by tip ultrasonication (Misonix) at 35 W, 10 °C in a stainless steel beaker for 2 h, followed by ultracentrifugation with an Optima LE-80K ultracentrifuge (Beckman Coulter) at 170499*g* for 2 h to remove bundled nanotubes and residual catalysts. The individually dispersed SWCNTs were sorted for high purity (6,5)-SWCNTs using gel chromatography.^[@ref23]^ The samples were diluted to an optical density of 0.1 at the E~11~ absorption peak of (6,5)-SWCNTs in 1 wt % SDS in D~2~O. The concentrations of HiPco and CoMoCAT were determined with a calibration curve from correlated optical density and thermogravimetric analysis. The concentrations of chirality-enriched solutions were calculated on the basis of the extinction coefficient previously determined by Zheng and Diner.^[@ref30]^

Synthetic Creation of Fluorescent Quantum Defects in SWCNTs {#sec2.2}
-----------------------------------------------------------

Sodium bicarbonate (EMP Chemicals, ACS grade), acetonitrile (Sigma-Aldrich, 99.9%), and alkyl halides were added sequentially to each SWCNT solution, which was kept in a capped glass vial covered with aluminum foil. Acetonitrile was used as a cosolvent for the alkyl halide. Sodium dithionite (Sigma-Aldrich, 85%) was then added to the mixture, which was stirred with a magnetic stir bar at room temperature. For aryl defects, only aryl-containing iodides are required, and the reaction was triggered by optical excitation of the E~22~ transition of the nanotubes. The degree of functionalization was controlled by adjusting the relative amounts of the reagents. The reactions were monitored at various times by UV--vis--NIR absorption and fluorescence spectroscopy.

In Situ UV--Vis--NIR Absorption and Photoluminescence Spectroscopy {#sec2.3}
------------------------------------------------------------------

The reactions were monitored in situ using a Lambda 1050 UV--vis--NIR spectrophotometer (PerkinElmer) equipped with both a photomultiplier tube detector and an extended InGaAs detector and a NanoLog spectrofluorometer (Horiba Jobin Yvon). For fluorescence spectroscopy, the samples were excited with a 450 W xenon source dispersed by a double-grating monochromator. Excitation--emission maps and fluorescence spectra were collected using a liquid-N~2~-cooled linear InGaAs array detector on a 320 mm imaging spectrometer. The spectrofluorometer was calibrated against NIR emission lines of a pencil-style neon spectral calibration lamp (Newport). Absorption and PL spectra were fitted with Voigt functions using PeakFit software version 4.12. No baseline correction was applied during the fitting for PL, while a linear background correction was used for the E~22~ absorption.

Resonant Raman Scattering and X-ray Photoelectron Spectroscopy {#sec2.4}
--------------------------------------------------------------

The SWCNTs were precipitated out from solutions and deposited on glass slides for Raman scattering or on gold-coated silicon substrates for XPS measurements. XPS was performed on a Kratos Axis 165 spectrometer at 25 and 175 °C under ultrahigh vacuum (\<1 × 10^--8^ Torr). Raman spectra were measured on a LabRAM ARAMIS Raman microscope (Horiba Scientific). The samples were excited with a He--Ne laser (632.8 nm) or a 532 nm laser at a power density of 0.014--0.14 mW μm^--2^. Each spectrum was obtained by averaging the data collected from three different spots.

Calculation of Inductive Constants {#sec2.5}
----------------------------------

The structure of alkyl-functionalized (6,5)-SWCNTs was constructed using Nanotube Modeler (JCrystalSoft) and HyperChem 8.0 (Hypercube, Inc.). The distance between two atoms and the covalent radius (half of the bond length) were obtained from molecular structures optimized by molecular mechanics.

Density Functional Theory Calculations {#sec2.6}
--------------------------------------

The geometries of an 8 nm (2 unit cell) long (6,5)-SWCNT with various quantum defects were optimized using the B3LYP functional in Q-Chem 4. The nanotube ends were terminated with hydrogen atoms to minimize end effects and to avoid the introduction of edge states into the band gap of the nanotube. Most of the calculations considered two alkyl groups (to avoid radical character) covalently attached near the center of the 8 nm nanotube, although single, triple, and higher functionalizations were also considered. DFT with the 6-31G\* basis set was used for minimization. Mulliken analysis was performed to reveal the charge distribution around the created defects.

Results and Discussion {#sec3}
======================

Our starting material is (6,5)-SWCNTs that are 0.75 nm in diameter and typically less than 500 nm (or 125 unit cells) in length. The nanotubes are sorted using gel chromatography^[@ref23]^ to a high level of optical purity and stabilized as individual particles in water or D~2~O by 1 wt % SDS. The starting (6,5)-SWCNTs have intrinsic absorption and PL peaks at 979 nm (E~11~) and 568 nm (E~22~), which arise from their excitonic transitions.^[@ref12],[@ref13]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows that covalent attachment of perfluorinated hexyl groups to the nanotubes produces a bright defect PL peak (E~11~^--^) at 1155 nm. The observed peak is red-shifted from the parent nanotube PL (E~11~) by 177 nm (Δ*E* = 190 meV), and the full width at half-maximum (fwhm) of the peak increases from 37 to 69 meV. This new feature arises within minutes of the start of the reaction, and the PL intensity plateaus in 25 min ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The bright PL feature remains stable for several months at room temperature. The PL of the alkylated carbon nanotubes shows a strong dependence on the nanotube diameter, *d*, given by Δ*E* = *A*/*d*^2^, where *A* = 18.7 meV nm^2^, suggesting that the new emission peak arises from brightening of dark excitons ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)).^[@ref15]^ Notably, (6,5)-SWCNT--(CF~2~)~5~CF~3~ exhibits PL that is brighter than that of the parent nanotube by more than an order of magnitude ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)).

![Chemical creation of fluorescent (6,5)-SWCNT--CF~2~(CF~2~)~5~CF~3~. (a) Defect photoluminescence arises farther in the near-infrared (NIR), 190 meV to the red of the parent nanotube excitonic emission. (b) Correlated vis--NIR absorption (black line) and PL (red line) spectra for (6,5)-SWCNT--CF~2~(CF~2~)~5~CF~3~. The SWCNTs were excited at the E~22~ transition (565 nm). (c) Evolution of the E~11~ and E~11~^--^ emissions. The intensity of the E~11~^--^ emission reached the maximum after 12 min of reaction and remained stable over at least nine months under ambient conditions.](ja-2016-03618d_0003){#fig2}

Correlated measurement of PL, Raman scattering, and X-ray photoelectron spectroscopy (XPS) unambiguously confirmed that the new PL originates from sp^3^ quantum defects due to the covalent attachment of a small number of alkyl groups to the sp^2^ carbon lattice. The formation of a covalent C--C bond between the alkyl group and the carbon nanotube is evidenced by the rise of the symmetry-breaking, defect-induced Raman scattering of the D phonon (∼1300 cm^--1^).^[@ref24]^ The intensity of this Raman band with respect to the in-plane stretching mode (E~2g~) of the sp^2^ bonded carbon lattice (G band, ∼1590 cm^--1^) increases from 0.10 to 0.98 in highly functionalized nanotubes ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). Both the Raman D/G ratio and the XPS intensity of the perfluoroalkyl group increase in proportion to the relative concentration of alkyl halide. High-resolution XPS of (6,5)-SWCNT--(CF~2~)~5~CF~3~ shows the growth of an sp^3^ C 1s peak at 285 eV as a shoulder to the sp^2^ C 1s peak (284.7 eV), resulting in substantial peak broadening of the C 1s peak (fwhm of 1.46 eV vs 0.83 eV for the starting nanotubes) ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). The fluorine (F 1s) signal of the functional group remains constant at high temperature (175 °C) under ultrahigh vacuum (\<1 × 10^--8^ Torr), in which there are no physisorbed molecules ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)).

By changing the concentrations of the reagents, we were able to control the intensity of the defect PL. The E~11~^--^ intensity of (6,5)-SWCNT--(CF~2~)~5~CF~3~ peaks at a carbon-to-alkyl halide reactant molar ratio of 1 to 0.4 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Correspondingly, the Raman D/G ratio increases from 0.10 to 0.18, indicating that a small amount of alkyl groups are covalently attached to the nanotubes. Consistent with Raman scattering, the vis--NIR absorption barely decreased. On the basis of XPS ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)), we estimate that the attached −(CF~2~)~5~CF~3~ groups are at a density of one group per 166 carbons or 1.8 nm of nanotube length on average. This density is much higher than that produced by diazonium salts^[@ref15]^ and may suggest distinct reaction propagation.^[@ref22]^

This synthetic quantum system provides exceptional chemical tunability of the near-infrared PL energy. We can continuously red-shift the E~11~^--^ emission simply by increasing the number of fluorine atoms along a six-carbon alkyl backbone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The energy shift goes from 133 meV for −(CH~2~)~5~CH~3~ to 190 meV for −(CF~2~)~5~CF~3~. A consistent trend is observed in a series of partially fluorinated groups in which the distance between the electron-withdrawing moiety (−CF~3~) and the defect site is varied by changing the chain length, −(CH~2~)~*n*~CF~3~ (*n* = 0, 1, 2, 3, 4, 5) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Larger optical tunability can be achieved by applying diiodo-containing precursors to produce cycloaddition adducts. The "divalent" quantum defects fluoresce even further into the infrared than do the "monovalent" defects ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c; also see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). For instance, the PL of (6,5)-SWCNT\>CH~2~ occurs at 1125 nm, which is red-shifted by 31 meV more than its monovalent counterpart, (6,5)-SWCNT--CH~3~. In (6,5)-SWCNT\>CF~2~, the defect PL is further shifted to 1164 nm, 200 meV to the red of the parent nanotube PL. Divalent aryl defects created by reaction with, for instance, *o*-diiodoaniline and *o*-diiodobenzene also produce new PL peaks that are further red-shifted from the parent nanotube PL by 171 and 190 meV, respectively, in comparison with their monovalent counterparts ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). These observations demonstrate that the quantum defects can be chemically tailored over a wide range by engineering the functional group that induces the defect state. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} we show nine fluorescent quantum defect systems with continuously tunable near-infrared PL and surface functionalities. Additional structures synthesized through these studies are listed in Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf), demonstrating the excellent chemical and optical tunability of this synthetic quantum system. We note that although the covalent bonding nature of these molecularly tunable fluorescent quantum defects is unambiguous, it remains experimentally challenging to directly determine their detailed atomic configurations on the sp^2^ carbon lattice.

![Tunable near-infrared PL from quantum-defect-tailored (6,5)-SWCNTs. (a) Schematic illustration of the four classes of molecularly specific quantum defects that are introduced on a SWCNT by reaction with functional-group-containing halides. (b) PL spectra of (6,5)-SWCNTs functionalized with six-carbon alkyl chains with increasing numbers of fluorine substituents. (c) Comparison of monovalent and divalent fluorescent quantum defects. The nanotubes were excited at 565 nm. The parent exciton PL occurs at 979 nm, while the emission from the quantum defect is systematically tunable by changing the functional group. The spectra were fitted with Voigt functions.](ja-2016-03618d_0004){#fig3}

![Excitation--emission maps of (6,5)-SWCNTs with chemically tailored fluorescent quantum defects.](ja-2016-03618d_0005){#fig4}

###### Spectral Characteristics of Alkyl Fluorescent Quantum Defects in (6,5)-SWCNTs and Calculated Inductive Constants of the Covalently Bonded Alkyl Groups

![](ja-2016-03618d_0007){#GRAPHIC-d288e762-autogenerated}

###### PL Spectral Characteristics of (6,5)-SWCNTs Covalently Functionalized with Different Monovalent and Divalent Groups

![](ja-2016-03618d_0008){#fx1}

Our experimental results and quantum-chemical theory consistently suggest that this tunability originates from inductive electronic effects associated with the covalently attached functional group. These inductive electronic effects can be described by the empirical Taft constant or inductive constant (σ\*), which quantifies the electronic influence of a substituent along the alkyl chain, excluding resonance effects that also occur in conjugated moieties.^[@ref25],[@ref26]^ Consistent with this inductive picture, all of the perfluorinated alkyl defects in (6,5)-SWCNTs, including −CF~3~, −(CF~2~)~3~CF~3~, −(CF~2~)~5~CF~3~, and −(CF~2~)~7~CF~3~, produce similarly red-shifted E~11~^--^ peaks (by 190--194 meV), indicating comparable inductive constants regardless of the carbon chain length ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). For CF~3~-terminated alkyl defects, the defect PL energy decreases exponentially with chain length (or approximately the distance from the defect site) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Quantitatively, the inductive constants can be calculated using the equation proposed by Cherkasov et al.:^[@ref26]^where Δχ~*i*~ is the difference between the electronegativities of *i*th atom in the substituent and the reaction center, *R*~*i*~ is the covalent radius of the *i*th atom, and *r*~*i*~ is the distance from this atom to the defect site on a SWCNT. We find that the PL energy shifts are linearly correlated with the calculated inductive constants (σ~calc~^\*^) ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). This linear correlation confirms that the inductive effects associated with the alkyl groups on the fluorescent quantum defects are responsible for the observed energy shifts.

This trend is corroborated by theoretical calculations based on density functional theory (DFT), which consistently predict a larger energy shift for fluorinated alkyl quantum defects than for non-fluorinated ones. DFT calculations were performed on an 8 nm (2 unit cell) long (6,5)-SWCNT using the B3LYP functional with the 6-31G\* basis set. For (6,5)-SWCNT--CH~3~, the most stable conformation features two methyl groups (avoiding the radical character of a single methyl group) occupying the para positions ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). We find that the para positions are also energetically favored reaction sites for further methylation. This functionalization pattern follows the distribution of charges around the functional groups (as previously considered^[@ref22]^). The HOMO--LUMO gap due to the −CF~3~ defect is 43 meV smaller than that due to −CH~3~, which is in good agreement with the observed red shift of 62 meV in the defect PL ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). This fluorine substitution effect is not limited to the most thermodynamically stable conformation but is also observed in all of the other possible conformations ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). The calculations also suggest that (6,5)-SWCNT\>CH~2~ and (6,5)-SWCNT\>CF~2~ feature a ring-opened structure that preserves the π conjugation of the nanotube ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). The breaking of one circumferential C--C bond in the nanotube is ∼1.3 eV more thermodynamically stable than the formation of three-membered-ring-like (cyclopropenyl) adducts along the chiral directions. Mulliken analysis again shows that the charges accumulate preferentially around the defect, driving the subsequent additions of \>CH~2~ or \>CF~2~ groups along the longitudinal direction ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). Consistently, in the presence of a quantum defect, the frontier orbital wave functions of the nanotube become localized to a 2 nm region around the defect site ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). This localization effect is less pronounced for divalent defects, suggesting some degrees of tunability by controlling the bonding structure ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). We note that frontier orbital wave functions are not generally used to describe the excited states of the nanotube. However, our time-dependent DFT calculations suggest that the lowest-energy electronic transition in sp^3^ defect-tailored SWCNTs occurs between the HOMO and LUMO ([Table S3 and Figures S13 and S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)), and hence, the frontier orbitals provide an informative description of the trapped excitons. In all of these systems, this localization effect is distinctly different from defect-free carbon nanotubes, in which the wave function is delocalized and excitons are highly mobile.

![Localization of charges and frontier orbital wave function around a fluorescent quantum defect. (a) HOMO and (b) charge distribution in a pristine (6,5)-SWCNT. The nanotube is free of defects other than its ends, which are terminated with hydrogen atoms to preserve the sp^2^ hybridization. (c) HOMO of a (6,5)-SWCNT--CF~3~. The inset shows the HOMO for −CF~3~ functionalization on a cut perpendicular to the tube. The orbital is plotted at its isosurface equal to 0.003. (d) Positive (green) and negative (red) charges are localized around the covalently attached −CF~3~ group. Minor positive and negative charges near zero value are colored in dark.](ja-2016-03618d_0006){#fig5}

We hypothesize that as a result of trapping of excitons at a localized potential well due to a quantum defect, the excitons will respond sensitively to chemical events occurring at the defect site because of the amplification effects of the nanotube, which acts as an antenna.^[@ref27]^ The nanotube antenna harvests light efficiently and channels the generated excitons to the defect site, where the excitons recombine to produce near-infrared PL encoding the chemical information at the functional groups. This picture is supported by titration experiments in which we detected H^+^ with both monovalent defects ((6,5)-SWCNT--C~6~H~4~NH~2~) and divalent defects ((6,5)-SWCNT\>C~6~H~3~NH~2~). We find that as the amine moiety switches between the protonated and deprotonated states, the defect PL is shifted by ∼13 meV ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf)). This pH switching is not observed in defects that do not contain amines, including −C~6~H~5~ and \>C~6~H~4~, confirming the localized nature and the high chemical selectivity of the fluorescent quantum defects.

Conclusions {#sec4}
===========

We have shown that it is possible to create a new series of quantum systems chemically from semiconducting SWCNTs of the same chirality through molecular engineering of covalently attached functional groups. This new class of synthetic systems is extremely versatile, affording a series of more than 30 chemically well-defined monovalent and divalent quantum defects that show molecule-specific optical and electronic properties distinctly different from those of existing nanostructures. Molecularly tunable fluorescent quantum defects thus add an entirely new dimension to the development of carbon nanomaterials with specific optical and chemical properties. Given the rich molecular moieties and nanotube chirality,^[@ref28]^ one may anticipate that a large variety of near-infrared quantum emitters can now be rationally designed and chemically created for applications ranging from in vivo bioimaging^[@ref2]^ and sensing^[@ref4]^ to room-temperature single-photon sources.^[@ref29]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.6b03618](http://pubs.acs.org/doi/abs/10.1021/jacs.6b03618).Raman scattering, XPS, and PL spectra, Mulliken charge distributions, computed orbital energies and bond lengths, frontier orbitals, and time-dependent DFT calculation results (Figures S1--S15 and Tables S1--S3) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03618/suppl_file/ja6b03618_si_001.pdf))
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